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ABSTRACT
A roview is presented on the effect of environment on the strength
of glass. The structure of glass and its strength in the absence of
enviromment are diséuésed Sriefly" Experimental results on environ-
mental cracking of glass are presented, Finally, theoretical treatments

are given and discussed with respect to available experimental data.




1. INTRODUCTIGN

Glass is an inert material that is used where chemical résistance
is needed. Despite this resistance, glass is susceptibié‘to stress cor-
rosion cracking known as static fatigue. This phenomem;ﬁ is caused by
water in the enviromment, and because of its practic#1 importance, a
large body of knowledge has been accumulated on the subjéct. This
paper briefly reviews the phenomenon of static fatigue. The structure
of glass and its strength in the absence of cor?osive‘eﬁ&i:onments are
discussed. The experimental facts of static fatigue aré :éviewed and,
finally, theoretical treatments are given. This paper supplements
previous review papers on the subjectl-7 and cohcentrateskon more recent
work in the fizld.
2. STRUCTURE OF GLASS 2’8

Unlike crystalline materials, glass centains no long-range order.
Evidence for this conclusion comes from x-ray investigations which re-
veal only broad diffuse diffraction spectra.9 These patﬁerns differ
from those obtained on crystals, but are similar to patterns ohtained
on liquids and amorphous gels, figure 1. They are consistent with the
interpretation that glass contains silicon atoms located at the center
of oxygen tetrahedra which arc connected at their corners and arvanged

10,11

in space in a random continuous network, figure 2. Cations such

as Si+4, A1+3, and B+3

that tend to form tetrahedra or other coordinated
units with oxygen are known as network formers. Other cations, such as
alkali or alkaiine ecarth ions, are caiicd network modifiers, and liec in

open spaces in the nctwork structure. Glass normally forms a loosely



packed structure as a result of the random arrangement of the silicon-
oxygen tetrahedra. Its density may be increased by slow cooling from
the welit or by application of high pressures.lz.l4 Most glasses used
in strength scadies have silica as the major constituent, table 1.

At low temperatures, glass behaves as a rigid solid, since its
thermal expansion cocfficient is close in magnitude to that of a crys-
talline solids, figure 3. The temperature at which the transition from
super-cooled liquid to solid occurs is called the fictive temperature.
At the fictive remperature, relaxation processes in the glass become
so slow that the structure of the glass becomes frozen. Physical prop-
erties of‘glaés can be characterized by thc fictive temperature which
depends on the composition of the glass and on its thermal history.

Not all silicate glasses are mutually soluble. Consequently, many

. 15
glasses are not homogeneous and consist of multicomponent structures ~’

16, figure 4. Second phase formation in glass is believed to occur by
both nucleation dnd growth and by spinoidal decomposition. The effect
of two phasc structure on strength or siress corrosion is not well
known.

3. STRENGTH OF GLASS™™’

It has been stated that in measuring the strength of glass, one is
actually measuring cthe weakness of its surfacc.17 This weakness is
caused by cracks normally present in the surface of the glass. Phenome-
nal increcases in strenath can be obtained by removal of surface flaws.
For example, che strength of bulk glass can easily be increased from ap-
proximately 5,000 co 300,000 psi by chemically polishing it with hydro-

-

- . . - . o iy P s
fluoric acid solutions, The highest strength to be achieved was

2



2 x 106 psi on small flame polished silica rods..4 High strength is not
related to the size of the specimen, as was once believed, bﬁt to the
perfection of the specimen surface.

Glass at room temperature is one of the most brittle subgtances
know. The yield stress, as estimated from hardness indentations, is

1 :
8 The fracture energy in the abscence of water has

greater than 106 psi.
been shown to range from 3.5 to 4.8 J/mz, depending bn the glass compo-
sition19 and is insensitive to temperatures from -196°C to 256C° These
energy values are two to four times that expected théoretically and are
four orders of magnitude less than those obtained on.ductile‘metals.

The extent of plasticity at crack tips in glass can be'estimated
from the Dugdale20 model of plastic flow at a crack tip. The length of
the plastic zones for soda-lime silicate and silica glass are calculated
to be 2.6 ¥% 10-9m and 6.4 x 10-10m respectively, while the crack tip
displacements prior to fracturc are calculated to be 4.5 x lO-lom and

2.2 x 10'1°m, respectively.19 Other plastic flow models give similar

18,21

results., These dimensions are not much larger than the silicon-

oxygen bond distance, 1.6 x 10-10m, or the oxygen-oxygen bond distance,
2.6 x 10-10m in silicate glass and, consequently, the amount of plastic
deformation from crack tips in these glasses is small. The very small
plastic zone size is responsible for the very brittle nature of glass.
The nature of plastic deformation in silicate glass is a:mattcr of
controversy. Plastic deformation has not been observed in silicate
glasses tested in tension, bending or compression. Glass is elastic and.

failure occurs without evidence of 2 yield stress. In contrast, glass

can be deformed during the placement of hardness indentations or by
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screwehing with hared materials.18’23 Some have accepted these observa-
tions as cvidence of plastic deformation, Othersza’ 25 have noted that
deformation at hardness-indentations results primarily from deﬁsifica-
tion of the glass and not from volume conserving shear'defofmafiono The
relationship between this type of deformation and that which occurs at
crack tips is not understood and remains a subjecct for future investiga-
tion.

Stress fields and stress gradients at crack tips are very high as
a direct conscquence of the brittle nature of glass. These stress
fields and gradicnts give rise to enhanccd chemical activity of the
glass surface and to enhanced ionic transport through the network
structure, both of whicﬁ are important to static fatigue. Stress en-
hanced chemical activity results in crack elongation and ultimately
failure, while stress enhanced transport results in parasitic stresses
at the crack tip and chemical modification of crack tip solutions,
Thus, the rigid network structure that makes glass so brittle also
contributes to static fatigue.
4. EXPERIMENTAL ASPECTS OF STRESS CORROSIOUN

A number of cxperimental techniques have been used to investigate
the static fatigue of glass, By far, the largest amount of data has
been obtained from flexural studies in which the time to failure is
measured as a function of variables such as environment, temperature,
glass composition and surface structure. Tensile tests on glass fibers
and crack growth studies also have yiclded a large body of knowledge on

the subject of static fatigue.



4.1 FLEXURAL STUDIES

The static fatigue of glass can be characterized by a tiﬁélaélay

to failurc, figure 5. Glass becomes wecaker as the‘requiredwduration of

enviromment-free strength.

Static fatigue is caused by water in the environﬁént. X
that is baked out znd tested in vacuum shows little f;giguefz
Similar results are obtained for tects conducted in iiduidfﬁi
which reduces the chemical activity of - |
in water or air, static fatigue occurs
as 10 milliseconds.>C Comparison of ecyclic and statié'tests?deﬁéﬁ-
strate that the time to failure depends on the magnitqde and;foéai'

duration of the load, but not on its cyclic nature}31f Perman h;;ﬁéak-

ening has been reported due to temporary fre-stressing of glégs;;?

Finally, in the absence of stress, glass left immersed in wéﬁer‘

or air tends to gain strength.so’s?"33 Glass is weaﬁéﬁed‘by; ater at

fatiguc limit.
Previous investigations on the ecffect of temperature, load’ dura-

tion and environment on the strength of glass, are summarized:in’

figure 6.34 The strength of glass as a function of cémperétn_eféan be
divided into four regi.ons.34 At low temperaturcs, region A,fﬁatcr is
chemically inactive and strength is independent of tempetatufé, loading -

rate and enviromment. At higher temperatures, region B, water becomes
5



chemically acrive and static fatigue is observed. At stillrhigher
temperatures, region C, water desorbs from the crack surfa;é, plastic
flow may occur at the crack tip and the strength increases;ﬁith tempera -
turc. Finally, strength decreases rapidly as glass approaéhes its
softening point, region D. | :

Static fatigue has been shown to be an activated process35 by
Charles who conducted studies in which fatigue curves were obtained at
temperatures ranging from ~170°C to 242°C. A plot of the'ibgarithm of
the time to failure versus reciprocal absolute teﬁperaturefgéve a
straight 1ine whose slope corresponded to én apparent activétion energy
of 18.8 Kcal per mole, figure 7. This value was close toifﬁat obtained
for the corrosion of the same glass,36 20 Kcal pef{ﬁole, aﬁd was also
close to the activation energy for sodium ion diffusion in:élass,37 17-
23 Kcal/mole. Charles suggested that the three processes ﬁere related
and that static fatigue resulted from a corrosive‘éttack of‘Water on the
silica network at the crack tip in which sodium ion diffusipn was the
rate limiting step for the reaction.

One of ﬁhe most definitive studies on the static fatigué of glass
was performed by Mould and Southwick.38 Four point bend E%sEs were con-
ducted on soda-lime silicate glass slides that had’receivéalvarious
surfacc abrasion treatments. The load duration ranged fro@ 2 x 10-3 to
600 seconds. Strength, time to failure plots gave:a distiﬁét curve for
cach abrasive trcatment. A single curve fitting all of fhe data was
obtained by plotting the relative strength, c/oN, as a function of the

logarithm of the reduced time to failure, 10310 (t/t0 5), figurc 8,

where N is that mecasured in liquid nitrogen, t is the time to failure
[\
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and tO.S’ the characteristic duration, is the time to failure of a
specimen loaded at half its liquid nitrogen strength. The strength of
glass in liquid nitrogen characterizes its flaw structure, since static
fatigue is inoperative at liquid nitrogen temperatures. The character-
istic duration and the slope of the curve give a measure of the rate of
static fatigue. For the two different types of abrasive treatment,
classed as 'point" and "linear," the characteristic duration was found

2

to be related to the liquid nitrogen strength by 1ln t = A +B/cN .

0.5
This relationship implies that flaws of greater severity fatigue more
slowly under stress than do less severe ones. This type of curve, termed
the universal fatigue curve, is valuable for theorctical and enginecering
purposes,

The strength and static fatigue of soda-lime silicate glass were

also studied in enviromments other than air or water.39’4o

The char-
acteristic duration, 5.5 increased dramatically when tests were con-
ducted in relatively dry nitrogen gas,39 however the slope of the uni-
versal fatigue curve was unaffected by the water content of the gas. The
difference in fatigue behavior was attributed to a decrease in concentra-
tion of water at the tip of a growing crack, and not to a change in
mechanism.

Organic liquids also affect the fatigue properties of soda-lime
silicate glass. Strength measurements made in dry alcohols were observed
by Moorthy and Tooley40 to be 19 to 36 percent greater than those made in
water. Smaller increases in strength were found in tests made in hep-

tanc, benzene and toluene while a decrcase in strength was observed in

tests conducted in nitrobenzene. Fatigue curves obtained on specimens
7



immersed in methyl or isopropyl alcohol do not f£it the univefsal fatigue
curve for tests conducted in water.39 No satisfactory explanation for
the fatigue behavior of soda-lime silicate glass in organic liquids has

becen presented,

The ecffect of electrolyte pH on the strength of glass has been
investigated by Mould.39 He found the strength to be constant for test
solution pH ranging from 1 to 13, figure 9. Strength increases were
cbserved at high pH and decreases were observed at lower pH. These
results cannot be interpreted easily in terms of a stress corrosion mech-
anism because high pH solutions would be expected to weaken rather than
strengthen the glass. Sodium-hydrogen ion exchange at the crack tip how-
cver could explain the experimental observation. In contrast to Mould's
results, Hillig41 observed that 10 percent NaOH solutioés greatly reduced
the fatigue resistance of fused silica rods. This difference in behavior
may be a result of compositional differences or the fact that Hillig
studied flame polished rather than abraded specimens.

Static fatigue can be studied by measuring strength as a function
of loading rate, 42-44 figure 10. The slope of the curve can be related
theoretically to the motion of cracks that cause failure. Results are
in good agreement with those obtained by direct measurement of crack
velocity, and suggest that crack growth is an important part of the
fatigue process. The technique can be used to select compositions having
high resistance to static fatigue, since the slope of the strength versus
loading rate correlates with fatigue resistance.

The static fatigue behavior of glass can be altered by chemical

polishing. Ritter and Shcrburnc44 have observed that data from

8



chemically polished soda-lime silicate glass does not agrece with the
universal fatigue curve obtained on abraded soda-lime silicate glass.
Fatiguc bchavior is closer to that of silica and alumino-silicate plass
fibers, figure 11, and may result from the relative perfection of the
glass surfaces. The kinetics of the fracture process and the local
environment at relatively perfect surfaces may differ considerably from
those found at the roots of surface cracks.

4,2 TENSILE STRENGTH STUDIES ON GLASS FIBERS

The most extensive study of the static fatigue of silica glass
fibers was conducted by Proctor, Whitney and Johnson.45 Studies were
conducted in liquid helium, liquid nitrogen, and in vacuum and air at
temperatures ranging from -196°C to 500°C. 1In liquid helium and nitro-
gen, strengths were found to be approximately 2 x 106 psi, confirming

41,46

findings of other authors. This high strength value is close to

the theoretical cohesive strength of silica glass 2-4 x 106 psil9 and
suggests that the glass fiber surfaces were relati :ly perfect. Imper-
fections that might be present were probably the sizc of the open spaces
of the silica network.

Static fatigue of silica fibers was observed in air, but not in
liquid nitrogen, figure 12. The fatigue limit was approximately 20 pcr-
cent of the liquid nitrogen strength. The slope of the universal fa-
tigue curve differed from that of abraded soda-lime silicate glass,
figure 11, possibly due to differences in glass composition or surface
condition, Static fatigue was attributed to water adsorbed on the

glass surface. It was suggested that water diffuses on the glass

surface to a site at which breakdown of the silica network is initiated.

9



7QnCu rcaction has started at a particular site,'rupture offthe ne twork
throws extra load on the surrounding structure, making further reactionk
probable. Strcngth reductions of silica fibers tested in vacuum was
'httributcd to residual moisture adsorbed in the glass surface.

Some studies of dynamic effects were conducted by Proctor et al.
with mixcd rcSults. When silica fibers were subjected to square’pulse
'strcsses, static fatigue rcsulting from cach pulsc was additivc, 5ug-"
gcsting nq effect,of cyclic loading. Earlier studies by Whitney,
‘Johnston and Proctor47 do 1nd1cate a wcakening effect in excess of that
" expected from static fatigue when cyclic loads were applicd to silica
rods and fibers. It was also suggested that high prcstreSSing may in-

' fluencthhQYSubsequent fatigue-life, greatly extending it in some
cases. .

Studies on glasses of the compositions used commercially for the
production of glass fibers, principdlly E-glass, table I, have been re~
T | .o 4854 ., . | N
ported by a number of authors. As in the case of fused silica, very
high strengths were found at liquid nitrogen temperatures,

8 x 10 bsi; At room tempcrature; thc'strcngth’in air is rcduced to

much lower values due to the presence -of water in the .enviroament. B
Static fdtiguc has been observed, but theve is disagreement as to the
exact shape and position of the fatigue curve. A fatigue limit has not
" been obtained for E-glass.. The slope of a static fatigue curve derived

; . . 54 ’ ' A
by Ritter from data by Hollinger et al. is close to that for silica
glass fibers and chemically polished soda-lime silicate glass, figurc 11,
Pat diffos  Jrom chan abhtained froea sucface abraded soda-lime silicate

slass.  This diffcerence may reflect cifferences in reaction mechanism



between relatively perfect and severly damaged glass surfaces. The

weakening process in E-glass is believed to involve surface adsorption
of water from the cnvironmcnt.49
Strength degradation of E-glass fiber is observed even in the ab-
sence of stress and is attributed to water in the environment. Thomas48
has shown that fibers tested in air after exposure to 100 percent rela-
tive humidity experience a strength reduction of approximately 30 percent
over a period of 128 days storage, and 15 percent during a 32 day stor-
age. Storage in vacuum for a 28 day period does not result in strength
degeneration.A Similar studies on fused silica fibers45 give no indica-
tion of strength reduction due to stress-free storage in moist environ-
ments. In contrast, strength increases are observed when abraded soda-
lime silicate glasses are stored in water.33
Insight into the stress-free weakening process has recently been ob-
tained by Metcalfe et al.53 It had been demonstrated earlier that hydro-
chloric acid is detrimental to the strength of E-glass.48 Using modified
E-glass that contained 5 percent NaZO or K20, Metcalfe et al, demon-
strated that glass fibers will crack spontancously when cxposed to hydro-
chloric acid of pH 2. It was clearly demonst;ated that the cracking
resulted from stresses duc to ion exchange between the alkali ions in
the glass and the hydrogen ions in solution. This process is the reverse
of that commonly used to chemically strengthen glass. The weakening
mechanism occurs more slowly in neutral solutions, can be retarded by
the addition of alkali ions to the test solutinn and can be reversed by

reducing the hydrogen ion concentration of the test solution after

exposure to HCl. The requirement of mobile alkali ions explains the
11



absence of stress-free strength degradation in fused silica. Ton ex-
change may be thc¢ dominant factor influencing the strength of glass
fibers containing alkali ions.

4.3 INDENTATION STUDIES

1f a sphere is loaded normally on a flat surface of glass, a conical
crack will initiate and grow from a point just outside of the circle of
contact between the sphere and glass surface. This phenomenon was ob-
served first by Hertz in 1881 and is known as Hertzian fracture.55 This
technique may be used to study the influence of environment on the

fracture ofvglass.56-58

Results from indentation studies arc in good agreement with other
studies of the effect of environment on the fracture of glass. Roeslcr56
and Culf57 uscd flat-ended indenters to demonstrate a severe weakening
effect of water. The critical load for crack formation and the fracture
encrgy calculated from it were reduced by a factor of two when water was
present. Tests in other environments also suggested a weakening effect,
however, the possible presence of small amounts of water could not be
eliminated.

More recent studies by Langitan and Lawn58 clearly demonstrate a
static fatigue effect caused by water. 1In agreement with Charlcs35 the
cffect has a demonstrable temperature dependence, although the apparent
activation encrgy for the process has not been determined. The effect
of acidity on the fracture process was clearly demonstrated and results
were similar to those obtained by Mould.39 Strengthening was observed
in strong sodium hydroxide solutions while weakening was observed in

hyvdrochloric acid.
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4.4 FRACTURE MECHANICS STUDIES

The first fracture mechanics studies on the effect of environment
on the fracture of glass were conducted by Berdcnnikov59 who measurced
the load to initiate crack motion in center cracked tensile specimens.
Results were expressed in terms of the fracture energy of glass in
various environments. Unfortunately, the equation relating surface
energy to load was in error, giving results too low by a factor of ap-
proximately 3.2.60 Corrected values of Berdennikov show that water
reduced the fracture energy of glass from 4.06 J/m2 in vacuum to 0.966
in water. Organic environments were also found to reduce the energy
required for fracture, and Berdennikov was able to demonstrate a rela-
tionship between the dielectric constant of the test medium and the
fracture energy.

Later experiments were carried out using edge notched, center
notched and double cantilever type specimens.60‘-67 Crack velocities
were measured as a function of stress intensity factor or fracture
energy and studies were conducted in vacuum, in gases containing varying
percentages of water vapor and in distilled water. Variation of temper-
ature permitted the evaluation of activation energies for the process.

Crack velocity studies, conducted in vacuum,66 indicate that the
logarithm of the crack velocity can be expressed as a linear function
of the stress intensity factor or the fracture energy, figure 13. Frac-
ture is an activated process with a zero load activation encrgy of 80
Kcal/mole. This activation energy is close to the Si-O bond cnergy and
suggests that fracture of silicate glass in vacuum is due to thermal
fluctuations.,6

13



Crack propagation studies in air or nitrogen gas containing varying
amounts of watcr indicate at least threc modes of behavior,63’64
figure 14. At low stress intensities, the crack velocity depends
exponentially on the stress intensity factor and also on the relative
humidity of the gas. At medium stress intensities, the crack velocity
depends on the relative humidity, but is nearly independent of the stress
intensity factor. At high stress intensity, the results are independent
of environment. The first two modes of behavior have been attributed to
stress corrosion cracking at the crack tip.63 In mode I, the rate of
crack propagation is reaction rate limited while in mode II the rate
of propagation is transport ratc limited., Detailed calculations give
good support of the suggested mcchanism.63 The temperature dependence
of the crack velocity in mode III is the same as that obtained in
vacuum64 suggesting that the fracture mechanism is also controlled by
thermal fluctuations of Si-0 bonds.

Fracturc mechanics studies conducted in distilled water indicate a
dependence of crack velocity on glass composition,67 figure 15. At high
crack velocity, all glasses exhibit an exponential dependence of crack
velocity on stress intensity factor. At lower velocities, the crack
velocity decrecases at a greater than exponential rate for soda-lime
silicate and borosilicate glasses suggesting a fatigue limit. Fused
silica and aluminosilicate glasses exhibit exponential behavior over the
entire range of variables studied. There is no evidence of a static
fatigue limit, though presumably one exists at a lower stress intensity
facror. At velocities greater than those indicated in figure 15, the
increase in crack velocity with stress intensity factor is less than

14



. .64 . s
exponential for soda-lime silicate glass. Other glasses have not
been investigated in the high velocity range. In the exponential

region, the glasses are found to f£it the following empirical equation,
= -E*
v =v_ exp(-E¥ + bKI)/RT, (L

where v E* and b are empirical constants, sce table II.

A relationship between crach velocity data and static fatigue data
can be demonstrated by calculating universal fatigue curves from the
crack velocity data.67 Calculated curves, figure 16, are found to agree
with those obtained for abraded soda-lime siliczte glass38 and fused
silica fibers.45 This agreement suggests that crack growth is an im-
portant part of the static fatigue process.

5. THEORIES OF STATIC FATIGUE

5.1 THE ROLE OF PLASTIC DEFORMATION

One of the first explanations of static fatigue was given by
Murgatroyd,69 who assumed that weakening occurred because of a viscous
process in the glass. One of the reasons that the theory was not ac-
cepted was that its quantitative aspects did not satisfy the universal
fatigue curvc.,4 More recently, the possibility of viscous processes
playing a role in fracture has been rcconsidered by Marsh.

18,70

Marsh has assumed that the failure of glass is entirely due to

plastic yielding, the yield stress being less than that required for
tensile fracture. The fact that a macroscopic yield stress has never
been observed is explained by the assumption that plastic flow in glass
is uot of a strain hardening typc. Therefore, no mechanism exists for

stabilization of the plastic flow. Water is thought to play a role by

15



penetrating tne glass and softening it.

Marsh's assumptions are based largely on his experiments on the
hardness of glass and the relationship of hardness to tensiie strength.
He and othcr523 noted that hardness indentations and scratches in glass
give the appearance that plastic flow has occurred. By revising the
yield stress-hardness relationship, he was able to demonstr>te that the
calculated yield stress.was equal to the fracture strength pf giase .,
Both the fracture stress and yield strength depended on moisture in the
environment. Glass was softer at higher relative humidities anc the
hardness was time dependent. Observations of environmental softening
by Westbrook and Jorgensen71 and by Westwood et al.72 add support to
Marsh's observations.

Additional evidence for plastic flow is the high fracture ecnergies
obtained on glass, which Marsh attributes to plastic blunting of crack
tips. Unfortunately, the theoretical aspects of Marsh's ideas have not
been developed and, until they are, a closer comparison of his ideas and
the available data on static fatigue cannot be made.

5.2 THE ROLE OF ALKALI IONS

The motion of alkali ions through the glass structure may play an
important part in the fatigue process. Ion transport may raise the
stress at glass surfaces, thus increasing the probability of fracture, or
it may cnhance the chemical reaction rate at crack tips by cither modi-
fying the corrosive environment or changing the chemical potential at
the surface.

The theory recently proposcd by Cox73 ascribes to alkali iounc a
local bond weakening influence due to the elastic strain that accompanies
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the ions as they migrate through the glass. Fracture occurs when a
number of ions cooperate to initiate a self generating flaw. The theory
is based on statistical arguments and relates parameters such as time to
tailure, failure stress, temperature, area of loading, bond strength,
probability of failure, flaw structure and activation energies for the
formation and motion of interstitial alkali ioms.

A serious objection to Cox's theory is its failure to account for
the charges carried by the alkali_ions.7 The electrostatic energy
created by the clustering of alkali ions depends on the size and density
of ions in the cluster and is of the same order of magnitude as other
energy terms used to calculate the pfobability of failure. Cox did not
consider the energy of cluster formation in his calculation, but recog-
nized its importance and suggested that excess positive charges are
neutralized by others in the environment. Although alkali ions play an
important role in the fracture process, the equations developed by Cox

"are quite insensitive to the absolute concentraticn of alkali ions.

Comparison of Cox's theory and experiment leads to mixed results.
The theory is specific in relating strength to area under load and good
agreement is found between this prediction and the strength values ob-
tained by Griffith74 on soda-lime silicate glass fibers. Agreement may
be fortuitous since Loewenstein and Dowd75 have recently shown that the
strength of A-glass, a soda-lime silicate composition, was constant over
a fiber diameter size range of Zrom 1.5 to 4 x 10-4 inches. 1In contrasrt,
a factor of 2 change in strength was observed by Griffith over the same
size range. Furthermore, the size predictions are not in accord with

. . AP . . - 4
the relative strength insensitivity to dimensions of E-glass fibers 8
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and silica reds and fiberso41’45 Other aspects of the theory seem to

agree with experimental observations.

Metcalfe, Gulden and Schmitz53 have given evidence of the effect of
ion exchange on the strength of glass fibers. The exchange of sodium
ions in the glass with hydrogen ions in solution undoubtedly accounts for

the stresses that cause spontancous fracture of sodium modified E-glass

and for the obscrved decrease in glass fiber strength with time in moist ?
environments.48 The lack of sodium ions in fused silica also accounts
for the lack of stress-free strength degradation in silica fibers45 The
occurrence of ion exchange at crack tips of abraded glass may account
for the relative weakening of abraded glass in low pH sclutions and the
rclative strengthening in solutions of high pH.39 Finally, the observa-
tion that the loading rate dependence of strength is an activated process
is in agreement with ion exchange as a mechanism, since diffusion of
sodium in glass is known to be an activated process. A more detailed
commentary on the work of Metcalfe, Gulden and Schmitz will have to
await the application of the theory of ion exchange to the sodium-
hydrogen cexchange process, and possibly the collection of additional data
on the process. Nevertheless, their observations mark a significant
development in understanding the static fatigue process.

5.3 THE ROLE OF CHEMICAL INTERACTION

Water is known to rcact chemically with glass, resulting in dis-

solution of the silicon-oxygen nctwork.76’77

This process is slow, de-
pending on temperature, hydroxyl ion concentration and glass composition.
Glasses containing large amounts of sodium ions dissolve more easily

than thosc containing small amounts. Considering these facts and those
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presented carlicr on static fatigue, it is logical to assume that water
bchaves as a chemical agent that controls the strength of glass.

The concept of water as a stress-corrosion agent originated with
Guerney 1 who suggested that a corrosive environment would prefecrentially
attack a crack at its root where bonds are severely stretched. The elas-
tic energy of the bond would aid the chemical reaction and chemical cor-
rosion would occur preferentially at the crack tip. The time to failure
would be equal to the time necessary for a crack to grow from subcritical
to critical Griffith size. The particular theory derived by Guerney did
not fit the available experimental data.

Charles42 made the assumption that the rate of flaw growth was a
power function of the crack tip stress, v = (vocn)(exp A/RT), and de-
rived relationships that adequately fit the existing experimental data.

n was found to be a function of the glass composition.43 Recently,
Ritter and Sherburne44 used Charles's treatment to describe the loading
rate dependence of the strength of glass and showed that eprncnts ob-
tained werc consistent with crack velocity data obtained by Wiederhorn,67
suggesting the'important role of crack propagation in the failure of
glass, table III,

Another theory of crack propagation was developed by Charles and
Hillig68’78 who assumed that crack propagation was an activated pfocess
in which the activation energy was stress dependent. Their basic equa-
tion for crack velocity can be developed from the absolute rate theory

of chemical reactions.79 If the rate limiting step for crack propagation
is assumed to be an attack on the silicon-oxygen bonds by hydroxyl ions,

then the crack propagation equation is,
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vV {OH™) [Ag] exp [(-AE# + OAV*/3 - iy v/p)/RT], (2)

where [OH7 ) is the hydroxyl ion activity at the crack surface. [Ag]

represents the chemical activity of a flat glass surface in contact with

*

the corrosive cnvironment. The first term in the exponential, AE,

represents the activation energy for the chemical reaction. o gives the
stress at the glass-liquid interface and AV# the activation volume for
the chemical reaction. The final term in the exponential accounts for
the changing chemical activity of the glass surface with surface curva-
ture. VM‘is the molar volume of the glass. v is the interfacial surface
tension at the glass medium interface and p is the radius of curvature

of the crack surface. Charles and Hillig used Eq. (2) as a starting
point to develop the relationship between the rate of crack propagation
and the geometry of the crack surface. For a given glass composition

and chemical environment, the radius of curvature and stress at the crack
surface are the only variatles in Eq. (2) and therefore control crack
geometry and the rate of crack motion. Changes in flaw geometry due to
chemical attack could be demonstrated by considering the relationship
between o and ¢ in Eq. (2) and the Ingles stress concentration equation,
~=8 [1 +2 (L/n)%], where S is the applied stress and L is the half
length of an elliptical crack., At stresses greater than a character-
istic threshold value, flaw sharpening occurred, and pp decrecased as the
crack advanced, figure 17. Conversely, below the threshold stress,

crack blunting occcurred. The threshold stress was interpreted to be the

static fatigue limit. The chemical theory of static fatigue is in
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agreement with most experimental observations on the subject.

Several aspects of the chemical theroy of static fatigue should be
discussed furtlier. The theory as developed is applicable only to glass
containing cracks. In a number of cases, flaw-frcé glasses have been
studied.45 Attack of flaw-free surfaces is beliecved to initiate from
preferential sites on the glass surface where bonds are most severely
stretched. The rate of attack is governed by the kinetics of the chem-
ical reaction, but the details of the fatigue process may differ from
that given for specimens containing flaws because of geometrical con-
siderations. This, in part, may explain the difference in results for
abraded and chemically polished soda-lime silicate specimens.

Thé theory derived by Charles and Hillig does not account specific-
ally for environment at crack tips. Other kinetic processes may occur
which control the crack tip environment and the crack propagation rate.
Results on the propagation of cracks in gaseous nitrogen63 indicate a
region of crack'propagation that is limited by the rate of water trans-
port to the crack tip., The hydroxyl ion concentration at crack tips may
be governed by chemical reactions at the glass surface, thus accounting
for gross differences in behavior among glasses of different composi-
t:ion..67 Control of the crack tip environment by surface chemical re-
actions may be more important for deep cracks than for shallow cracks or
for relatively flaw-frece surfaces because of the small volume of solu-
tion at the crack tip and the long diffusion distance necessary to
equalize bulk and crack tip environment, Thus, differences in behavior
for specimens containing abraded versus relatively flaw-free surfaces

may be attributed to differences in surface environment. Similar
21



suggestions have been made recently for stress corrosion cracking of
80-82

metals,

An carly theory of static fatigue, developed by Orowan,83 attributed
the phenomenon to a decrease in surface energy caused by water adsorption
at the glass surface. Orowan noted that the fracture energy of mica
measured in vacuum was ten times that found in air and suggested that
this relative difference in fracture energy would lead to a strength
reduction of approximately one-third, agreeing quite well with experi-
mental observation. The kinetics of the fracture process can be de-
scribed by absolute rate theory provided that the adsorption process
involves chemisorption., The assumption of a chemisorption process is
rcasonable because surface water is known to be strongly bound to glass
surfaces. Thus, an equation identical in form to Eq. (2) can be derived
for a chemisorption process. The static fatigue limit would be derined
by the minimum stress level compatible with glass surface energy and the
Griffith condition for failure.

The occurrence of chemical attack at crack tips or glass surfaces
does not preclude the possibility of other simultaneous processes. Thus,
the changes in strength of abraded glass specimens tested in high and low
pPH solutions may indicate that sodium-hydrogen ion exchange is accompany-
ing crack growth caused primarily by chemical attack. Because water-
induced weakening is observed even in sodium-free glass fibers, it is
possible that chemical corrosion accompanies sodium-hydrogen ion exchange
at glass fiber surfaces. Therefore, while stress enhanced chemical cor-
rosion may appear to be the most probable explanation of static fatigue,

it may not be the only process involved.
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FIGURE CAPTIONS
X-ray diffraction patterns of cristobalite, silica gel, and vitreous
silica. (after Kingery [8]))
Schematic represcntation of a sodium silicate glass. (after Warren
(10])
Relation betwecen liquid, crystalline, and vitrecous state. (after
Kingery [8])
Two phase glass structure. This electron micrograph shows a
sodium borate glass that has separated on cooling into two contin-
uous and interpenetrating phases, each of them a glass. (after
Charles [84])
Static fatigue curve for annealed soda-iime glass rods, 1/4 in.
diameter, tested in bending. (after Shand [1])
Relative strength of glass tested in air as a function of tempera-
ture and load duration. Semi-quantitative composition curves from
several investigations. The relative strength is the ratio of the
applied stress, ¢, to the strength in liquid nitrogen, oyN° (after
Mould [34])
Temperature dependence of delayed fracture process. The applied
stress was 7 Kg/mmz. (after Charles [35])
Universal fatigue curve. Symbols represent various abrasion treat-
ments. The error bar gives the uncertainty for individual points.
(after Mould and Southwick [38])
Strength at 0.82 - second load duration vs. pH for specimens im-
mersed in HCl, in NaOH, and in buffer solutions. (after Mould [39])

Effect of loading rate at room temperaturc on the most probable
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11.

12,

13,

14,

15,

16.

17.

failure stress of soda-lime glass. (after Charles [42])

Static fatigue of silicate glasses. 1) aéid etched soda-lime glass,
2) E-glass fibers, 3) silica fibers, 4) abraded soda-lime glass.
(after Ritter [44])

Static fatigue data for silica fibers. x in vacuum at -196°C, o in
vacuum at room temperature, @ in air at room temperature. (after
Proctor et al. [45])

Crack propagation in vacuum. Average crack growth curves in vacuum
of 10‘-3 torr at various temperatures after preheating at 330°C: 1)
330°C; 2) 200°C. (after V. P, Pukh et al. [66])

Crack propagation in gaseous nitrogen containing varying concentra-
tions of water. The percent relative humidity for each set of runs
is given on the right-hand side of the diagram. The Roman numerals
identify the different modes of crack propagation. (after
Wiederhorn [63])

Effect of glass composition on crack propagation rate. Tested in
water at 25°C. (after Wiederhorn [67])

Crack velocity data compared with the universal fatigue curve. Open
circles and squares were obtained from crack velocity data e~ soda-
lime glass. Closed circles and squares were obtained from f£uuv..
silica crack velocity data. Curve labeled Mould and Southwick was
taken from refs 39. Error bar gives standard derivation of data
associated with this curve. Curve labeled Proctor et al. was
calculated from data in ref. 46. (after Wiederhorn [671)
Hypothetical changes in flaw geometry duc to corrosion or dissolu-

tion, a) Flaw sharpening as a result of stress corrosion,
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b) Flaw prowlth such that the rounding of the tip by stress cor-
rosion balances the lengthening of the flaw. c¢) Rounding by
corrosion or dissolution (Joffe effect). (after Charles and

Hillig [681)
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identify the different modes of crack propagation, (after
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Crack velocity data compatred with the universal fatigue curve. Open
circles and squares were cobtained from crack velocity data on soda
lime glass. Closed circles and squares were obtained {rom fused
silica crack velocity data. Curve labeled Mould and Southwick was
taken from ref. 39. Error bar gives standard deviation of data
associated with this curve. Curve labeled Proctor et al. was
calculated from data in ref. 46. (after Wiederhorn [(671)

47



- - -
-

Hypothetical changes in flaw geometry due to corrosion or dissolu-
tion. a) Flaw sharpening as a result of stress corrosion. b)
Flav growth such that the rounding of the tip by stress corrosion
balances the lengthening of the flaw., c¢) Rounding by corrosion
or dissolution (Joffe cffect). (after Charles and Hillig [68])
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